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We determined the complete nucleotide sequence of the human endogenous retrovirus genome HERV-K1O
isolated as the sequence homologous to the Syrian hamster intracisternal A-particle (type A retrovirus) genome.
HERV-K1O is 9,179 base pairs long with long terminal repeats of 968 base pairs at both ends; a sequence 290
base pairs long, however, was found to be deleted. It was concluded that a composite genome having the
290-base-pair fragment is the prototype HERV-K provirus gag (666 codons), protease (334 codons), pol (937
codons), and env (618 codons) genes. The size of the protease gene product of HERV-K is essentially the same
as that of A- and D-type oncoviruses but nearly twice that of other retroviruses. A comparison of the deduced
amino acid sequences encoded by the pol region showed HERV-K to be closely related to types A and D
retroviruses and even more so to type B retrovirus. It was noted that the env gene product of HERV-K
structurally resembles the mouse mammary tumor virus (type B retrovirus) env protein, and the possible
expression of the HERV-K env gene in human breast cancer cells is discussed.

Recently, human endogenous retrovirus genomes, some
homologous to mammalian type B (2, 3, 8, 42) or type C (1,
18, 21, 22, 28) retroviruses or to retrovirus proviruses of an
unidentified type (16), were isolated and characterized.
However, the types, structures, and functions of human
endogenous retroviruses and their causal relationships to
human cancer have yet to be fully clarified.

Intracistemal A-particle (IAP; type A retrovirus) genomes
are moderately repetitive endogenous retrovirus genomes
interspersedly present in rodents such as mice, rats, and
Syrian hamsters (15). Our recent determination of the com-
plete nucleotide sequence of a Syrian hamster IAP genome
confirmed the presence of conserved pol regions among
retrovirus genomes and revealed a close evolutionary rela-
tionship between the type A retrovirus and types B and D
oncoviruses (25). Based on these findings, sequences
hybridizable with a fragment primarily encoding the con-
served pol region of the Syrian hamster IAP genome were
isolated (24) from a human fetal liver gene library (14).

Typical human endogenous retrovirus genomes, termed
HERV-K, were found to be 9.2 or 9.5 kilobases (kb) long,
with long terminal repeats (LTRs) of ca. 970 base pairs (bp)
(24). These HERV-K proviruses are present at ca. 50 copies
per haploid human genome and are homologous to the
mouse mammary tumor virus (MMTV; type B retrovirus), as
well as to the type A retrovirus. Since the tRNAl,2 was
identified as a presumed primer for reverse transcription, the
genes were tentatively classified as members of the HERV-
K family (K is an abbreviated form of the Lys).
For greater clarification of the organization of HERV-K

genomes, the complete nucleotide sequence of a typical
HERV-K provirus, HERV-K10, was determined. HERV-
K10 is 9,179 bp long with an LTR-gag-protease (prt)-pol-
env-LTR structure, although a deletion 290 bp long was
noted in the boundary region between the pol and env genes.
A composite genome 9,469 bp long containing the 290-bp
sequence was named HERV-K1O(+) and was concluded to
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be a prototype HERV-K genome. A comparison of the
deduced amino acid sequences encoded by the pol regions
indicated that this provirus is closely related to IAP-H18
(type A retrovirus) (25), a squirrel monkey retrovirus (type D
retrovirus) (4), and type D retrovirus (SRV-1) (26) linked to
the simian acquired immune deficiency syndrome and even
more so to MMTV (type B retrovirus) (4, 8).

MATERIALS AND METHODS

Clones and DNA sequencing. HERV-K proviruses cloned
from a human fetal liver gene library have been described
(24). In the present study, DNA fragments were labeled
either at the 5' ends with [-y-32P]ATP and T4 polynucleotide
kinase or at the 3' ends with [a-32P]ddATP and terminal
deoxynucleotidyl transferase. The nucleotide sequences of
the fragments were determined by the method ofMaxam and
Gilbert (19). All sequences in both DNA strands were
determined.

Computer-assisted analyses of nucleotide and amino acid
sequences. A two-dimensional homology matrix comparison
of the amino acid sequences was conducted with a computer
program developed for distantly related proteins (40). A
DNA version of this method developed by H. Hayashida and
T. Miyata (unpublished) was used to make a two-
dimensional homology matrix comparison of the nucleotide
sequences (29). Alignment of the amino acid sequences was
performed by the method of Needleman and Wunsch (20),
checked by hand, and corrected as necessary.

RESULTS

Structural features of HERV-K1O(+) gene. In a previous
paper, four characterized HERV-K proviruses (HERV-K8,
HERV-K10, HERV-K18, and HERV-K22) were shown to
be divided into two groups (24). The length of the proviruses
of one group (HERV-K1O and HERV-K18) averages 9.2 kb,
whereas the proviruses in the other group (HERV-K8 and
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51TR-i~~'&~~G"GCAAGAGA6ATCAAATTGTTACTGTGTCTIGTGTAGAAAGAAGTAGACATAGGAGACTC~~~~~~~~~~~AMccATtGAAA*TTCTTCAAAGCCTTGcAGcAT TCTGTTTG ATC' 1122

TATGACCTTACCCCCAACCCCGTGCTCTCTGAAACGT,GTGCTGTGTCAACTCAGGGTTGATIGGATTAAGGGCGG T,GCAGGATGTGCTTTiGTTM,ACAGATGCTTGAAGGCAGCATGCTC 24 0

CTTAAGAGTCATCACCACTCCCTAATCTCAAGTACCCAGGGACACAMMCTGCGGAAGGCCGCAGGGACCTCTIGCCTAGGAAAGCCAGGTATTGTCCM~GGTTTCTCCCCATIGTGATAG 360

TCTGAAATATGGCCTCGTGGGAAGGGAAAGACCTGACCGTCCCC CAGCCCGACACCTGTAAAGGGTCWTGTGCTGAGGAGGATTAGTAAAMGAGGAAGGAATGCCTCTTGCAGTTGAGACA
480of

AGAGGAAGGCATCTGTCTCCTGCCTGTCCCTGGGCAATGGAATGTCTCG(i ~CCGATTGTATIGCTCCATCTACTIGAGATAGGGAAMACCGCCTTAGGGCTGGAGGTGGGACCT 6 0 0

GCGGGCAGCAATACTGCTTTGTAAAGCATTGAGATGTTTAT,GTGTATGCATATCCAAAAGCACAGCACTTAATCCTTTACATT,GTCTATGATG CCAAGACCTTTGTTCACGTGTTTGTCT 720o

GCTGACCCTCTCCCCACAATTGTCTTGTGACC CTGACACATCCCCCTCTTTGAGAAACAcCCACAGAT,GATC4 ACTAAGGGAAcTCAGAGGCTGGCGGGATCCTCCATATGCTG 840o

AACGCTGGTTCCCCcGGGTcCccCTTAmTTTcTCTCTATAcTTTGTCTcTG TGTCTTTTTCTTTTCCAAATCTCTCGTCCCACCTTACGAGAAACACCCACAGGTGTGTAGGGGCAACCCA 96 0

*Th rLeuVal ProArgVal Pr oLeuPheLeuSe rLeuTyrtPheVal Se rValSer PheSer Phe Pr oAsnLeuSe rSer H isLeuTh rAr gAsnThr H isAr gCysValG lyAlaThrH i

FULR * B * * * * SO.
CCCC-!TAC CGGTGCCCAACGTGGAGgCTTTCTCTAGGGTGAAGGTACGCTCGAGCGTAATCATTGAGGACAAGTCGACGAGAGATCCCGAGTACATCTACAGTCAGCCTTACGGTAA 10 80

ProTyr IleTrpCysProThrTrpArgLeuPheSerArgVal LysVal ArgSerSerVal IleIl1eGl uAspLysSerTh rAr gAspPr oGl1uTy r IleTy rSerGlnProTy rGlyLys

zTTG CGCGCTCGGAAGAAGCTAGGGTGATAATGGGGCAAACTAAMAG TAAAMTTAAAGTAAATATGCCTCTTATCTCAGCTTTATTAAAATTCTTTTAAAAAG AGGGGGAGTTAAAGT 1 200

LeuAlaArgSerGluGluAlaArgVal IleEBlyGInThrLysSerLysI leLysSerLysTyrAlaSerTyrLeuSerPheI leLysI leLeuLeuLysArgGlyGlyValLysVal

ATCTACAAMAAATCTAATCAAGCTATTTCAAATAATAGMCAATTTTGCCCATGGTTTCCAGAAkCAAGGMCTTCAGATCTAAAAkGATT~GGAAAkGAATTG.GTAAGGAACTAAAACAAGC 1320o

SerThrLysAsnLeuI leLysLeuPheGlnI le IleGluGlnPheCysProTr pPhePr oG luGlnGlyTh rSe rAspLeuLysAspTr pLysAr gIl1eGlyLysGl uLeuLyaGInAl a

AGGTAGGAAGGGTAATATCATTCCACTTACAGTATGGAATGATTGGGCCATTATTAAAGCAGCTTTAGAACCATTTCAAACAGAAGAAGATAGCATTCAGTTTCTGATGCCCCGAMG 1440

GlyArgLysGlyAsnI leI leProLeuThrValTrpAsnAspTr pAl alIlelIleLysAl aAl aLeuGl uProPheGl nTh rGl uGl uAspSer IleSerValSerAspAlaProGlySer

CTGTTAATAGATTGTAATGAMAACACAAGGAAAAAATCCCAG AAAGAA,ACCGAAAGTTTACATTIGCG AATATGTAGCAGAGCCGGTAAT,GGCTCAGTCAACGCAAMATT1ACTATAA 1 560

CysLeuI leAspCysAsnGluAsnThrArgLysLysSerGInLysGluThrGluSerLeuHisCysGluTyrValAl aGluProValKetAlaGInSerThrGlnAsnValAapTyrAsn

TCAATTACAGGAGGTGATATATCCTGAAACGTTAAAATTAGAAGGAAAMGGTCCAGAATTAATGGGGCCATCAGAGTCTAAACCACGAGGCACAAGTCCTCTTCCAGCAGGTCAGGTGCT 1680

GlnLeuGlnGl uVallIleTyrProGluThrLeuLysLeuGluGlyLysGlyProGl uLeuMetGlyProSerGl uSerLysProArgGlyThrSer ProLeuProAlaGlyGlnValLeu

CGTAAGATTACAACCTCAAAGCA,GGTTAAAGAAAATAAGACCCAACCGCAAGTAGCCTATCAMTACTIGCCGCTGGCTGAACTTCAGTATCGGCCACCCCCAGAAAGTCAGTATIGGATAT 180 0

ValAr gLeuGlnPr oG lnLysG lnVal LysGl1uAsnLysTh rGl1nProG lnValA1laTy rGl nTy rCysAr gTr pLeuAsn PheSer Il1eG lyH isPr oGlnLysVal Se rtetAspIl1e
*AspPr oTh r AlaSe rSerLeuSer Il1eLeuPr oLeuAl aGl uLeuGlnTyr Ar gProProProGl uSe rGlnTy rGlyTyr

CCAGGAAGCCCCCAGCACCACAGGGCAGGGCGCCATACCATCAGCCGCCCACTAGGAGACTTAATCCTAT~GGCACCACCTAGTAGACAGGGTAGTGAATTACATGAAATTATT,GATAAA 1920o
GlnGl uCysPr oG lnH isH isAr gAl aG lyAr gH isThr Il1eSe rAr gProLeuG lyAspLeu Il1eLeuTr pH isH isLeuVal AspAr gValVal AsnTy rhetLysLeuLeu Il1eAsn
ProGlytletProProAlaProGlnGlyArgAlaProTyrHi sGInProProThrArgArgLeuAsnProa6G1aProProSerArgGlnGlySerGl uLeuHisGluI leI leAspLys

TCAAGAAMGGAAGGAGATACTGAGGCATGGCAATTCCCAGTAACGTTAGAACCGATGCCAC CTGAGAAGGAGCCCAAGAGGGAGAGCCTCCCACAGTTUGAGGCCAGATACAAGTCTTTT 2040

TCGATMMAATGCTAAAAGATATGAAAGAGGGAGTAAAACAGTATGGACCCAACTCCCCTTATATGAGGACATTATTAGATTCCATTGCTTATIGGACATAGACTCATTCCTTATGATTGG 216 0

Ser IleLystletLeuLysAspHetLysGl uGlyValLysGlnTy rG lyProAsnSer Pr oTy rMetArgTh rLeuLeuAspSer IleAlaTy rG lyH isAr gLeu IleProTy rAspTrp

GAGATTCTGGCAAiAATCGTCTCTCTCACCCTCTCAATTTTTACAATTTAAGACTTIGG TGGATTIGATGGGG~TACAAGAACAGGTCCGAAGMMTAGGG CTGCCAATCCTCCAGTTAACATA 2 280

G1luIleLeuAl aLysSer SerLeuSer Pr oSe rG lnPheLeuGl1n PheLys6Th rTr pTr pIl1eAspG lyValG1nGl uGlnVal Ar gAr gAsnAr gAl aAlaAsn Pr oPr oValAsn Il1e

GATGCAGATCAACTATTAGGAATAGG TCAAATTGGAGTACTATTAGTCAACAAGCATTMATGCAAAATGAGGCCATTGAGCAAGTTAGAGCTATCTGCCTTAGAGCTTGGGAAMMMTC 2 400

AspAlaAspGlnLeuLeuGlyI leGlyGl nAsnTrpSerThr I1eSe rGl nGlnAl aLeuMetGlnAsnGl uAl a IleGl uGl nValArgAlalIleCysLeuArgAlaTrpGl uLyslIle

CAAGACCCAGGAAGTACCTGCCCCTCATTTATACAGTAMGACAAGGTTCAAAAGAGCCCTACC CTIGATTTMTG GGCMGGCTCCAAGATG TTGCTCMAAAGTCAATTGCCGATMAM 2 52 0

G lnAspPr oGlySerTh rCysPr oSe rPheAsnTh rVal Ar gGInGlySe rLy sGl1uPr oTy rPr oAspPheVal A1aAr gLeuGI1nAspValA1laG lnLysSer Il1eAl aAspGl1uLys

GCCGGTAAGGTCATAGTGGAGTTGATGGCATATGAAAACGCCAATCCTGAGTTCAATCAGCCATTAAGCCATTMMAGGMMAGGTTCCTGCAGGATCAGATGTAATCTCAGAATATGTA 2 6 40

A1 aGlyLysVallIleValGl uLeuMetAl aTy rGl uAsnAl aAsnPr oG1uCy sGl1nSe rA1laIl1eLys Pr oLeuLysG lyLysVal Pr oAl aG lySerAspVal Il1eSe rGl uTy rVal

AMAGCCTIGTGATGGAATCGGAGGAGCTATGCATAAAGCTATIGCTTATGG TCAAGCAATAACAGGAGTTGTTTTAGGAGGACAAGTTAGMCATTTGGAGGMA GTAATTGTCGT 276 0

LysAlaCysAspGly IleGlyGlyAlaMetH isLysAl aMetLeuMetAl aGlnAl a IleTh rGlyValVal LeuGlyGlyGl nVal Ar gTh rPheGlyGIyy yT rAsnCysGly

CAAATTGGTC-ACTTAAAAAGAATTGqCCAG TCTTAAACAAACAGAATATMkCTATTCAAGCAACTACAACAGGTAGAGAGCCACCTGACTTAtG T-CCAAGAlTGTAAAAAGGAAAACAT 2 880
GlnI leGlyH isLeuLysLys!snCyPr ovalLeuAsnLy sGl nAsn I1eThr Il1eGI1nAlaTh rTh rTh rGlyAr gGl uPr oPr oAspLeutCys Pr oAr gCy sLysLysG lyLysHi s

TG,GGCTAGTCMATIG1 CGTTCTAAATTTGATAAAAATIGGGCMACCATTGTCGGGAAACGAGCAAAGGGGCCAGCCTCAGGCCCCACAACAAACTIGGGGCATTCCCAMTTCAGCCATTT1GTT 3 00 0

TrpAlaSerGlnCynreLysPheAspLysAsnGlyGlnProLeuSerGlyAsnGluGlnArgGlyGInProGlnAlaProGlnGlnThrGlyAlaPheProI leGlnProPheVaI
jkgeL ***LysTrpAlaThrIleValGlyLysArgAlaLysGlyProAlaSerGlyProThrThrAsnTrpGlyIleProAsnSerAlaIleCysSer

CCTCAGGGTTTTCAGGGACMCAACCCCCACTGTCCCAAGTGTTTCAGGGMATAAGCCAGTTACCACAATACA,ACM,TTGTCCCTCACCACAAGCGGCAGT,GCAGCAGTAGATTTATGTA 312 0

Pr oGlnGlyPheGlnG lyGlnGlnPr oPr oLeuSerGlnVal PheG lnGly I1eSe rGlnLeuPr oG lnTy rAsnAsnCys Pr oSe rPr oGl1nAl aAlaValGl nG1n ***

SerGlyPheSerGlyThrThrThr ProThrVal ProSerValSerGlyAsnLysProValThrThr IleGlnGlnLeuSerLeuThrThrSerGlySerAlaAlaValAspLeuCysThr

CTATACAAGCAGTCTCTCTGCTTCCAGGGGAGCCCCCACMMM~TCCCTACAGGGGTATATIGGCCCAC-iGCCTIGAGGGGACTGTAGGACTAATCTTGGAAGATCAAGTCTAAATCT" 3 240
I leGlnAl aValSerLeuLeuPr oGlyGluPr oPr oG lnLysI1e Pr oTh rG lyValTy rG ly ProLeuPr oGl1uG lyTh rVal GlyLeu IleLeuGlyAr gSerSerLeuAsnLouLys

AAGGAGTTC;AATTCATACTAGTGTGGTTGATTCAGACTATAAAGGCGAMATTCAATTGGTTATTAGCT~CAACTTCCTTGGAGT(;CCiGTCCAGAGAGCAGGATSuCGCMTTATTATTA 3 36 0

GlyValGlnI leHi sThrSerValValAspSerAspTy rLysG lyGl u IleGl nLeuVal Il1eSe rSe rSer IleProTrpSerAl aSer ProArgAspArg IleAl aGlnLeuLeuLeu

TCCTGCCATATATTAAGGGTGGAAATAGTMAATMAAAAGATAGGAGGGCTTGTAAGCACTIGATCCAACAGGAAAGGcTG.CATATTGGGCJkAGTCAGGTCTCAGAGAACAGACCTGTGi 3 480

LeuProTy r IleLysGlyGlyAsnSerG1uI 1eLysArg Il1eGlyGly LeuVal SerTh rAspPr oTh rG lyLysAl aAl aTy rTr pAl aSerG lnVal SerG luAsnAr gProValCys

GTAAGGCCATTATTCAAGG"MACAdTTTAAGGGTTGGTAGACACTGGAGCAGATGTCTCTATTATTGCrTAAATCAGTuGCCAAAAA;ACTGGCCTAMMCAAAAGGCTGTTACAGGAC 36 0 0

LysAla Ile IleGlnGlyLysGlriPheGl uG lyLeuValAspTh rGlyAlaAspValSer IleIleAliLeuAsnGl nTr pPr oLysAsnTr pPr oLysGl nLysAl aValTh rG lyLeu

TTGTCGGCATAGGCACAGCCTCAGAAGTGTATCAAAGTAT~GGAGATTTTACATTIGCTTAGGGCCAGATAATCAAGAAMGTACTGTTCAGCCAATIGATTAWCAACTTCCTCTTAATCTG; 3720
ValGly IleG lyThrAl aSerGl1uValTy rG lnSerEi 1uIl1eLeuH isCysLeuG lyProAspAsnGlnGl1uSerTh rValGlnPr oMet I eTh rSe r IleProLeuAsnLeuTr p

GGGGTCGAGATTJTATTACMCAATGGGGTGCGGA,kATCA~CCATGCCCGCTCCATTATATAGCCCCACGAGTCAMAAAATCATGACCAAGATGGGATATATACCAGGMAAGGGACTAGGGi 3 84 0
GlyArgAspLeuLeuGl nGlnTr pG lyAl aGl u IleThr Met ProAl aPr oLeuTy rSe rpr oTh rSe rGl nLyslIl1eMetTh rLysMetG lyTyr IleproGlyLysGlyLeuG lyLys

AAATGAAGATGGCATTAMGTTCCAGTTGAGGCTAAAATMAATCMAAGAAGAGAAGGM~TAGGGTATCCTTTTTAGGGG~CGGTCACT,GTAGAGCCTCCTAAACCCATACCACTAACTTG 3960
AsnGluAspGlyIleLysValProValGluAlaLysIleAsnGInGluArgGluGlylleGlyTyrProPhe***

***AsnLysSerAr gLysAr gAr gAsnAr gVal Ser PheLeuG lyAl aVal Th rValGl uPr oPr oLysPro I 1ePr oLeuTh rTr p

GAAAACAGAAAAA,CCGGTGT; GTAAATCAGTGGCCGCTACCAAAACMAAMACTGGAGGCTTTACATTTATTAGCAMATGMACAG TTAGAAAAGGGTCACATTGAGCC'i'TCGTTCTCACC 4080
LysTh rGluLysPr oValrFValAsnGlnTr pProLeuPr oLysGl nLysLeuGl uAl aLeuH isLeuLeuAl aAsnGl uGI1nLeuGl uLysG lyHi slIleGl uPr oSer PheSer Pr o

TTGGMATTCTCCTGTGTTTGTAATTCAGAMGAAATCAGG CAATGGCATACGTTAACTGACTTAAGGGCCTGTMACGCCGTAATTCAACC CAT,GGGGCCTCTCCAACCCGGGTT,GCCCTC 4200
Tr pAsnSer ProVal PheVal IleGlnLysLysSercGlyLysTr pH isTh rLeuTh rAspLeuAr gAl aVal AsnAl aVal1IleG lnPr oMe tG lyPr oLeuGlnProGlyLeuPr oSer

TCCGGCCATGATCCCAAAMGATTGGCCTTTAATTATAATTGATCTAAAGGATTGCTTTTTTACCATCCCTCTGGCAG AGCAGGATTGTGMAAATTTGCcTTTACTATA~CAGCCATAAi 4320
_|ProAlaMet IlePr oLysAspTr pPr oLeulIlelIle IleAspLeuLysAspCys Phe PheTh r I 1ePr oLeuAl aGluGl nAspCysGl uLysPheAlaPheThr Ile ProAlaI leAsn

TAATAAAGMCCAGCCACCAGGTTTCAGTGGAAAGTGTTACCTCAGGG MTGCTTAATAGTCCAACTATTTGTCAGACTTTTGTAGGTCGAGCTCTTCM"CCAGTGAGAGAAMAGTTTTC 4 440
AanLyaGluProAlaThrArgPheGlnTrpLysValLeuProGlnGlyMetLeuAsnSer Pr oTh rI leCysGlnTh rPheValGlyArgAl aLeuGlnProValArgGluLysPheSer

AGACTGTTATATTATTCATTATATTGATGATATTTTATGTG.CTGCAGAAACGAAAGAkTAAATTAATTGACTGTTATACAiTTTCTGCAAGCAGAGGTGCCMATGCTGGACTGGCAATAGC 45 6 0

Asp>CysTyr IleI 1eHisTy r IleAspAspI leLeuCysAl aAl aGl uTh rLysAspLysLeu IleAspCy sTy rTh rPheLeuGlnAl aGluValAlaAsnAl aG lyLeuAl aIleAl a

ATCCGATAAGATCCAAACCTCTACTCCTTTTCATTATTTAGGGATG CAGATAGAAAATAGAAsAA TTAAGCCACAAMATAGAAATAAGMAAGACAC'ATTAAAACACTMMATGATTT 46 80
SerAspLysI 1eGlnTh rSerTh rPr oPheH isTy rLeuG lyMetG ln IleGl1uAsnArgLys Il1eLysPr oGl1nLys Il1eGl1u Il1eAr gLysAspTh rLeuLysTh rLeuAsnAspPhe

GlnGluArgLysGluIleLeuArgHisGlyAsnSerGln^***
SerArgLysGluGlyAspThrGluAlaTr pGlnPhePr oVal Th rLeuGl1uPr oMet Pr oPr oG lyGl uG lyAl aGl1nGl uG lyGl uPr oPr oTh rValGl uAl aAr gTy rLy sSer Phe cm
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TCAAAAATTACTAGGAGATATTAATTGGATTCGGCCAACTCTAGGCATTCCTACTTATGCCATGTCAAATTTG TTCTCTATCTTAAGAGGAGACTCAGACTTAAATAGTCAAAGAATATT 4 80 0
G1lnLysLeuLeuG lyAspI leAsnTr pI leAr gProTh rLeuG lylIlePcroThr Ty rA1laMetSerAsnLeuPheSer Il1eLeuAr gG lyAspSerAspLeuAsnSe rGl nArg Il1eLeu

AACCCCAGA~GGCAACAAAAGAAATTAAATTAGTGGAAGAAAAAATTCAGTCAGCGCAAATAAATAGAATAGATCCCTTA'GCCCCACTCCAACTTTTGATTTTTGCCACTGCACATTCTCC 4 92 0
Th rProGluAlaTh rLysG luI leLysLeuValGluGluLysIl1eGlnSerAlaGlnI leAsnAr gI leAspProLeuAl aProLeuGlnLeuLeuIl1ePheAl aThrAlaHi sSer Pro

AACAGGCATCATTATTCAAAATACTGATCTTG TGGAGTGGTCATTCCTTCCTCACAGTACAGTTAAGACTTTTACATTGTACTTGGATCAAATAGCTACATTAATCGGTCAGACAAGATT 5 040
Th rGly Ile Ile I 1eGl nAsnTh rAspLeuValGl uTr pSer PheLeuPr oH isSer Th rValLysTh rPheTh rLeuTy rLeuAspGl n IleAlaTh rLeu IleG lyGlnTh rArgLeu

ACGAATAAC"AAATTATGTGGAAAT,GACCCAGACAAAATAGTTGTCCCTTTAACCAAGGAACAAGTTAGACAAGCCTTTATCAATTCTGG'TGCATGGCAGATTGGTCTT~GCTAATTTTGT 516 0
Ar gIl1eTh rLysLeuCysGlyAsnAspPr oAspLysI leValVal Pr oLeuTh rLysG luG lnValAr gG lnAl aPhe IleAsnSe rG lyAl aTr pGln IleG lyLeuAl aAsn PheVaI

GGGACTTATTGATAATCATTACCCAAAAA'CAAAG ATCTTCCAGTTCTTAAATTGACTA'CTTGGATTCTACCTAAAATTACCAGACGTG'AACCTTTAGAAAATGCTCTAACAGTATTTAC 5 280_
G lyLeu IleAspAsnH isTy rPr oLysTh rLys IlePheGlnPheLeuLysLeuThrThrTrpIl1eLeuPr oLys IleThrArgArgGl upr oLeuGl uAsnAl aLeuTh rVal PheTh r 0

TIGATGGTTCCAGCAATGGAAAAGCAGCTTACACAGGGCCGAAAGAACGAGTAATCAAAACTCCATATCAATCGGCTCAAAGAGACGAGTTGGTTGCAGTCATTACAGTGTTACAAGATTT 5 400 0
AspGlySerSerAsnGlyLysAlaAlaTy rThrGlyProLysGluArgVal IleLysThrProTyrGlnSerAlaGlnArgAspGluLeuValAlaVal IleThrVal LeuGlnAspPhe

TGACCAACCTATCAATATTATATCAGATTCTGCATATGTAGTACAGGCTACAAGGGATGTTGAGACAGCTCTAATTAAATATAGCATGGATGATCAGTTAAACCAGCTATTCAATTTATT 5 52 0
AspGln Pro IleAsn Ile IleSerAspSe rAl aTy rValVa lGl nAl aTh rArgAspVa lGl uTh rA1aLeu Il1eLy sTy rSe rMetAspAspGl nLeuAsnGl nLeu PheAsnLeuLeu

ACAACAAACTGTAAGAAAAAGAAATTTCCCATTTTATATTACTTATATTCGAGCACACACTAATTTACCAGGGCCTTTGACTAAAGCAAATGAACAAGCTG.ACTTACT GTATCATCTGC 5640
G lnG lnTh rValAr gLysAr gAsn PhePr oPheTyr Il1eTh rTyr Il1eAr gAl aH isTh rAsnLeuPr oG lyPr oLeuTh rLy sAl aAsnGl uG lnAl aAspLeuLeu ValSe rSe rAl a

ACTCATAAAAGCACAAGAACTTCATGCTTTGACTCATGTAAATGCAGCAGGATTAAAAAACAAATTTGATG TCACATGGAAACAGGCAAAGATATTGTACAACATTGCACCCAGTGTCA 576 0
Leu Il1eLysAl aGlnGl uLeuH isAl aLeuTh rH isValAsnAl aAl aG lyLeuLysAsnLys PheAspVal Th rTr pLysGlnAl aLysAspI leValGI1nH isCysTh rGlnCysGln

AGTCTTACACCTGCCCACTCAAGAGGCAGGAGTTAATCCCAGAGGTCTGTG-TCCTAATG CATTATGGCAAATGGATGTCACGCATGTACCTTCATTTGGAAGATTATCATATGTTCATG T 5 880
Val LeuH isLeuPr oTh rG lnGl1uAl aG lyValAsn Pr oAr gG lyLeuCysPr oAsnAl aLeuTr pG lnMe tAspVal Th rH isVal Pr oSe rPheG lyAr gLeuSe rTy rVal H isVaI

m AACAGTTGATACTTATTCACATTTCATATGGGCAACTTGCCAAACAGGAGAAAG TACTTCCCATGTTAAAAACATTTATTGTCTTGTTTTGCTGTAATGGGAGTTCCAGAAAAAATCAA 6 00 0

Th rValAspThr Ty rSe r HisPhe IleTr pAl aTh rCysGl nTh rG lyGl uSer Th rSe rH isValLy sLy sH isLeuLeuSerCys PheAl aVal MetG lyVal Pr oGl uLys Il1eLys

AACTGACAATG.GACCAGGATATTGTAGTAAAG CTTTCCAAAATTCTTAAGTCAGT,GGAAAATTTCACATACAACAGGMTTCCTTATAATTCCCAAGGACAGGC CATAGTTGAAAGAAC 612 0
Th rAspAsnGlyProGlyTy rCysSerLysAlaPheGlnLysPheLeuSerGlnTr pLysI leSerH isThrTh rGlyI lePr oTyrAsnSerGlnGlyGlnAlaI leValGluArgThr

TAATAGAACACTCAAAACTCAATTAGTTAAACAAAAAGAAGGGGGAGAC S TAAGGAGTGTACCACTCCTCAGATGCAACTTAATCTAGCACTCTATACTTTAAATTTTTTAAACATTTA 6 24 0
AsnArgTb rLeuLysTh rGlnLeuVal LysGlnLysGl uG lyG lyAsp SerLysGl uCysTh rTh rPr oGlnMetGl1nLeuAsnLeuAl aLeuTy rTh rLeuAsn PheLeuAsn IleTy r

TAGAAATCAGACTACTACTTCTGCAGAACAACATCTTACTGGTAAAAAGAACAGCCCACATGAAGGAAAACTAATTTGGTGGAAAGATAATAAAAATAAGACATGGGAAATAGGGAAGGT 6 36 0
ArgAsnGlnThrThrTh rSerAlaGluGlnH isLeuTh rGlyLysLysAsnSer ProH isGluGlyLysLeuI leTr pTr pLysAspAsnLysAsnLysTh rTrpGluI leGlyLysVa1

GATAACGTGGGGGAGAGGTTTTGCTTGTGTTTCACCAGGAGAAAATCAGCTTCCTGTT7OGTTACCCACTAGACATTTGAAGTTCTACAATGAACCCATCGGAGATGCAAAGAAAAGGGC 6 480
IleThrTrpGlyArgGlyPheAlaCysValSer ProG lyGluAsnGlnLeuProValTrpLeuProThrArgH isLeuLysPheTyrAsnGl uProI leG lyAspAl aLysLysArgAla

CTCCACGGAGATGGTAACAC CAAMTCGAGCACCGTTGACTCACAAGATGAACAAAATGG~TGACGTCAGGAAGCAGATGAAGTTGCCATCCACCAAGAAAGCAGAGCCaCCGACTTGGG 6 60 0
Ser Th rGluMe tValTh r P oGlnSerSerTh rValAspSerG lnAspGl1uGlnAsnG lyAspVal Ar gAr gTh rAspGl1uValAla Il1eH isG lnGl uSe rAr gAlaAlaAspLeuG ly

CACAACTAAMGAGCTGACGCAGTTAGCTACAAAMTATCTAGAGAACACAAMGGTGACACAAACCCCAGAGAGTATGCTGCTTGCAGCTTGATGATTGTATCAATGGTGGTAAGTCTCCCT 672 0
ThrThrLysGIuLeuThrGlnLeuAlaThrLysTyrLeuGluAsnThrLysValThrGlnThrProGluSerMetLeuLeuAlaAla***

***ArgAlaAspAlaValSerTyrLysI leSerArgGluHisLysGlyAspThrAsnProArgG luTyrAlaA1aCysSerLeFeiIleValSerMetValVa1SerLe!1Pr_o
ATGCCTrGCAGGS|GCAGCTGCAGCTAACTATACCTACTGGGCCTATGTGCCTTTCCCGCCCTT.AATTCGG CAGTCACATGGATGGATAATCCTATAG AAGTATATGTTAATGATAGTATA 6 84 0

iMetProAl aGlSAlaAAlaAlaAlahnyTilTyr TrpAlaTy rVal ProPhe Pro Pr oLeu Il1eAr 9:1aValTh rTrpMetAspAsnPro Il1eGl uValTy rVal,|AsnAsPserIl1e

TGGGTACCTGGCCCCATAGATGATCG CTGCCCTGCCAAACCTGAGGAAGAAGGGATGATGATAAATATTTCCATTGGGTATCGTTATCCTCCTATTTGCCTAGGGAGAGCACCAGGATGT 6 96 0
TrpVal ProGlyProI leAspAspArgCysProAlaLysProGluGluGluGlyMetMe tI leRsn IleS-eaI leGlyTy rAr gTy rPr oPro Il1eCysLeuGlyAr gAl aProGlyCys

TTAATGCCTGCAGTCCMAAATTGGTTGGTAGAAGTACCTACTGTCAGTCCCATCAGTAGATTCACTTATCACATGGTAAGCGGGATGTCACTCAGGCCACGGGTAAATTATTTACAAGAC 7 080
LeuMet ProAlaValGlnAsnTr pLeuValGl uVal ProThrValSer Pro IleSer Ar gPheThr Ty rH isMetVal SerGlyMetSe rLeuAr gPr oArgValAsnTy rLeuGl1nAsp

TTTTCTTATCAAGATCATTAAAATTTAGAC CTAAAGGG;AAACCTTGCCCCAAGGAAATTCCCAAAGAATCAAAAAATACAGAAG TTTTAGTTTGGGAAGAATGTGTGGCCAATAGTGCG 7 20 0
PheSerTy rGlnAr gSerLeuLys PheAr gPr oLysG lyLysPr oCys ProLysG luI lePr oLysGl1uSerLysAsnTh rGl1uVal LeuVal Tr pGl1uGl1uCysValA1laAsnSe rAla

GTGATATTATAAAACAATGAATTTGGAACTATTATAGATTGGGCACCTCGAGGTCAATTCTACCACAATTGCTCAGGAC~AACTCAGTCGTGTCCAAGTGCACAAGTG AGTCCAGCTGTT 7 32 0
Val IleLeu* **AsnAsnGl uPheGlyTh r Ile IleAspTrpAlaProAr gGlyGlnPheTy rH isiAsnCysSe4G lyGl nTh rGlnSe rCys Pr oSe rA1laGlnVal Se rPr oAl aVaI

GATAGCGACTTAACAGAAAGTTAGACMAACATAG CATAMAAMTT.GCAGTCTTTCTACCCTTGGGAMTGGGGAGAMAA-GGAATCTCTACCCCAAGACCAAMMTAGTMAGTCCTGTT 7 44 0
AspSerAspLeuTh rGluSerLeuAspLysH isLysH isLysLysLeuG lnSe rPheTy rPr oTr pGl1uTr pG lyGl uLysG lyIl1eSe rTh rPr oAr gPr oLys I 1eVal Se rPr oVaI

TCTGGTCCTGMACATCCAGMATTATGGAGGCTTACTGTGGCCTCACACCACATTAGAATTTGGTCTGGAMMTCAAACTTTAGAAACAAGAGATTGTAAGCCATTTTATACTG TCGACCTA 7 56 0
SerGlyProGl uH is8ProGl uLeuTr pAr gLeuTh rValAl aSe rH isH is8IleArg IleTrpSerG ly[AsnGlnTh dLeuGl uTh rAr gAspCysLys ProPheTy rThrValAspLeu >

AATTCCAGTCTAACAGTTCCTTTACAAMGTTGCGTAAAGCCCCCTTATATGCTAGTT,GTAGGAAATATAGTTATTAAACCAGACTC CCAGACTATAACCTGTGAAAMTTGTAGATTGCTT 7680 CD
lAsnSer SecLeuTh rVal ProLeuG lnSer CysVal Lys Pr oPr oTy rMetLeuValValGlyAsn Il1eVal I 1eLy sPr oAspSerG lnThr Il1eTh rCy sGl uAsnCysAr gLeuLeu

ACTTGCATTGATTCAACTT;TAATTGGCAMCACCGTATTCTGCTGGTGAGAGCMGAGAGAGGCGTGT,GGATCCCTGTGTCCATGGACCGACCGTGGGAGGCCTCACCATCCGTCCATATT 7 80 0
Thr Cys IleAspSer Thr PheAsnTr pGlnH isArgIl1eLeuLeuValArgAl aAr gGl uG lyVal Tr pIle ProValSer MetAspAr gPr oTr pGl uAl aSe rProSe rValH i s Ile

TTGACTGAAGTATTAAAGGTGTTTTAAATAGATCC MhTCATTTTTACTTTAATTG CAGTGATTATGGGATTAATTGCAGTCACAGCTACGGCTGCTGTAGCAGGAGTTGCATTG 7 92 0
LeuTh rGl1uVal LeuLysG lyValLeu|sA gSrLs |he Il1e2heTh rLeu Il1eAl aVal I 1eMe tG lyLeu Il1eAl aValTh rAl aTh rAl aAl aValA1laGlyvalAl aLeu

CACTCTTCTGTTCAGTCAGTAAMCTTTGTTAATGATTGGCAAAAGAATTCTACAAGATTGTGGAATTCACAATCTAGTATTGATCAAAAATTGGCAAATCAAMTTAATGATCTTAGACAA 8040
H isSerSerValGlnSe rValAsn PheValAsnAspTr pGl nLysAsnSer ThrAr gLeuTrpAsnSe rGlnSe rSe r IleAspGl nLysLeuAl aAsnGl n IleAsnAspLeuAr gG ln

ACTGTCATTTGGATG;GGAGACAGACTCATGAGCTTAGAACATCGTTTC CAGTTACAATGTG-ACTGGAATACGTCAGATTTTTGTATTACACCC CAAATTATAATGTAGTCTGAGCATCAC 816 0
ThrVal IleTrpMetGlyAspArgLeuMetSerLeuGluHisArgPheGlnLeuGlnCysAspTrpihsnThrsec|AspPheCysI leThr ProGlnI leTyryksnGluSer|GluHisHis

TGGGACATGGTTAGACGCCATCTACAGGGMG AGAAGATAATCTCACTTTAGACATTTCCMMATTAAAG AACAAMTTTTCGAAGCATC~AAAGCCCATiTAAATTTGGTGCCAGGAACT 828 0
TrpAspMetValArgArgHi sLeuGInGlyArgGluAspoksnLeuTh dLeuAspIl1eSerLysLeuLysGl uGln Ile PheGl uAl aSe rLysAl aH isLeuAsnLeuVal ProGlyTh r

GAGGCAATTGCAGGAGTTGCTIGATGGCCTCGCMAATCTTAACCCTGTCACTT,GGGTTAAGACCATPGGAAGTACATCGATTATAAMTCTCATATTAATCCTTG TGTGCCTGTTTTGTCTa 8 40 0
G1luAl aI leAl aG lyValAl aAspG lyLeuAl aAsnLeuAsn Pr oVal Th rTr pVal LysThr Il1eG lySe rThrSe rI 1e Il1eAsnLeu IleLeu Il1eLeuValCysLeu PheCysLeu

TT,GTTAGTCTGCAGGTGTACCCAACAGCTCCGAAGAGACAG CGACCATCGAGAACGGGCCATGATGACGATGGCGGTTTTGTCGAAAAG'AAMAGGGGGAA TTGGGGAAAMGCAAGAGA 8 52 0
LeuLeuValCvsAr gCy sTh rGl nGlnLeuAr gArgAspSerAspH isAr gGl1uAr gAl aMetMe tTh rMe tAl aValLeuSe rLy sAr gLy sG lyG lyAsnValG lyLysSe rLysAr g

GATCAAATTGTTACTGTGTCTGTGTAGAAAGAAGTAGACATAGGAGACTCCATTlGTTAl TGCT4AAAATTCTTCTGCCTTGAGATTCTGTTAATCTATGACCTTACCCCCAACC 864 0

AspGlnIleVa1Th rVaSerVa1***

CCGTGCTCTCTGAAACATGTGCTGTGTCAACTCAGGGTTGAATGGATTAAGGGCGGTGCAGGATGTGCTTTGTTMAACAGATGCTTGAAGGCAGCAT,GCTCCTTAAGAGTCATCACCACT 876 0

CCCTAATCTCAAGTACCCAGGGACACAAAAACTGCAGAAGGCCGCAGGGACCTCTGCCTAGGAAAGCCAGGTATTGTCCAAGGTTTCTCCCCATGTGATAGTCTGAAATAT,GGCCTCGTG 8 880

GGAAGGGAAAGACCTGACCGTCCCCCAGCCCGACACCTGTAAAGGGTCTGTGCTGAGGAGGATTAGTAAAAGAGGAAGGAATGCCTCTTGCAG TTGAGACAAGAGGAAGGCATCTGTCTC 9 0 0 0

CTGCCTGTCCCTGGGCAATGGM.TGTCTCGGC--AACCGATTGTATGCTCCATCTACTGAGATAGGGAAAAACCGCCTTAGGGCTGGAGGTGGGACCTGCGGGCAGCAATACTGCTT 91 2 0

TGTAAAGCATTGAGATGTTTATGTGTATG CATATCCAAAAG CACAGCACTTAATCCTTTACATTGTCTA'TGATG CCAAGACCTTTGTTC'ACGTGTTTGT'CTGCTGACC CTCTCCCCACAA 9 24 0

TTGTCTTGTGACCCTGACACATCCCCCTCTTTGAGAAACACCCACAGATGATC(43rACTAAGGGAACTCAG AGGCTGGCGGGATC CTCCATATGCTGAACGCTGGTTCCCCGGGTC 9 36 0

CCCTTATTTCTTTCTCTATACTTTGTCTCTGTGTCTTTTTCTTTTCCAAATCTCTCGTCCCACCTTACG'AGAAACACCCACAGGTGTGTAGGGGCAACCCACCCCTAA 9 46 9

FIG. 1. Nucleotide sequence of human endogenous retrovirus genome HERV-Kl0(+). The DNA sequences of the coding strand, LTRs,
and gag, protease (prt), pol, and env regions are shown. The sequences corresponding to the glucocorticoid responsive element (31), enhancer
core (12), TATA box, and polyadenylation signal are boxed in the LTRs (24). The assumed primer-binding site (PBS) and polypurine tract

(PPT) are underlined. The deduced amino acid sequences endoded by the six large open reading frames shown in Fig. 2 are given, and the
first methionine in each reading frame is boxed. In the gag region, two amino acid sequences with the consensus sequences observed m the
nucleic acid-binding protein (6, 7) are boxed. The sequence homologous to the C-terminal portion of cellular acid proteases (41) is boxed in
the prt gene. In the pol gene, two conserved subregions, RT and EN (see the text), are boxed. Around the pol-env junction, a 290-bp sequence
found in HERV-K8 but deleted in HERV-K1O is indicated in the box (D). The env gene is tentatively subdivided into SP, OM, and TM
regions. Three hydrophobic amino acid clusters are underlined. Potential glycosylation sites in the env gene product are indicated in boxes.

591



592 ONO ET AL.

SLT~~~TgT\qST E\ ?11\ |3LTR|
1000 2000 3000 4000 5000 6000 7000 8000 9000 9469

lllillill liill ill ll ORF 2 1i 1i lll{ i ll l ||||| |||ORF 5 ORF6 lll lll

111O1 11111 11 1 111IiIll ORF 1111111111111 1111v ORFl4 IIIIIRIIIIIIII Hill
111111111 1111 11111111111111111 IlIllIl111111 ORF3111111111 111111111 IIIIIILIIIIIIIIII11111111111111|11 11111111111111O 11111111113

F- gagll-Hpr lI
I RTI

env
SP OM I TM

pol
EN

HLM-21 HD
HM16

FIG. 2. Restriction map and open reading frames of human endogenous retrovirus genome HERV-K1O(+). Stop codons in each phase of
the coding strand are shown by vertical lines. The six large open reading frames (ORF1 to ORF6) and the gag, protease (prt), pol, and env
genes are shown. The position (V) of the first ATG codon in each reading frame is indicated. The locations corresponding to the two amino
acid sequences with the consensus sequence observed in the nucleic acid-binding protein (6, 7) are boxed in the gag gene. The sequence
homologous to the C-terminal portion of cellular acid proteases (41) is boxed in the prt gene. Two conserved subregions, RT and EN (see the
text), are indicated in the pol gene. HLM-2 and HM16 are regions whose nucleotide sequences correspond to those reported by Callahan et
al. (2) and Deen and Sweet (8), respectively. A 290-bp deletion (D) found in both HERV-K1O and HERV-K18 is indicated. The env gene is
tentatively subdivided into SP, OM, and TM regions. The restriction enzyme abbreviations are as follows: Bl, BalI; B, BamHI; Bg, BglII;
E, EcoRI; RV, EcoRV; H, HindlIl; K, KpnI; N, NsiI; P, PstI; Sl, Sall; Sc, ScaI; Sm, SmaI; Se, SpeI; Sh, SphI; Ss, SspI; Xb, XbaI; Xh,
XhoI.

HERV-K22) each possess an additional 0.3-kb fragment 6.5
kb downstream from the 5' end of HERV-K10 and HERV-
K18. The HERV-K1O LTRs are 968 bp long and differ from
each other by only two bases, whereas the HERV-K18
LTRs (969 bp) differ from one another in 42 positions.
Therefore, it was decided to determine the complete nucle-
otide sequence of HERV-K10, possibly having fewer muta-
tions introduced after integration as a provirus, followed by
determination of the sequences of the 0.3-kb fragments
present in HERV-K8 and HERV-K22.
HERV-K1O is 9,179 bp long with LTRs having segments

corresponding to a TATA box, a polyadenylation signal, and
an enhancer core (12) (Fig. 1). Immediately upstream from
the putative enhancer core sequence is a segment corre-
sponding to a glucocorticoid responsive element found in the
MMTV LTR (31). A tRNAL,§s with a CUU anticodon (39)
and reported to be a putative primer tRNA in visna virus (37)
and in the simian D-type virus SRV-1 (26) is considered to be
the primer for the reverse transcription of HERV-K.
The additional sequences found in HERV-K8 and HERV-

K22 are 290 bp long and are located at positions 6500 and
6501 from the 5' end of HERV-K10 (Fig. 1). These 290-bp
fragments differ from each other at only one position (6581),
where A in HERV-K8 is replaced by G in HERV-K22. By
comparing the amino acid sequences deduced from the
nucleotide sequences of HERV-K with those of other retro-
viruses, it was concluded that HERV-K with the 290-bp
fragment is a prototype in the HERV-K family (see below).
A composite nucleotide sequence 9,469 bp long is shown in
Fig. 1 as HERV-K1O(+), which is made up of the complete
HERV-K1O sequence and the 290-bp fragment of HERV-
K8.

After translation of the HERV-K1O(+) nucleotide se-
quence into the amino acid sequences, the positions of the
stop codons in each reading frame were identified (Fig. 2). In
the reading frame of the coding strand, several large open
reading frames (ORF1 to ORF6) are present in the region

corresponding to the gag, prt, pol, and env genes of the
retrovirus genome. No open reading frame capable of en-
coding more than 150 amino acid residues was found on the
noncoding strand.
Two-dimensional homology matrix comparisons of the

nucleotide sequences of HERV-K1O(+) and the Syrian ham-
ster IAP (IAP-H18) (25) and of HERV-K1O(+) and the
D-type simian retrovirus SRV-1 (26) are shown in Fig. 3. The
most homologous region in Fig. 3A and B was positioned in
the ORF4 region of HERV-K10(+), which corresponds to
the pol gene. The second homologous region located in
ORF3 corresponds to the prt gene (see below).
HERV-KlO(+) gag gene. Since the structural features and

amino acid sequences of the gene products of HERV-K were
totally unknown, an attempt was made to elucidate the
organization of this genome by comparing the structures
deduced from the nucleotide sequences of HERV-K1O(+)
with those deduced from the presumably closely related
oncoviruses such as IAP-H18 (type A) (25), MMTV (type B)
(4, 8), and SRV-1 (type D) (26). The N termini of the gag
precursor proteins of the mammalian retroviruses so far
examined have a Met followed by Gly. After removal of the
N-terminal Met by a methionyl peptidase, the amino group
of the Gly is modified by myristate (32). The codons for the
Met-Gly residues located closest to the N terminus of ORF1
start at position 1112 of HERV-K1O(+) (Fig. 1). The de-
duced amino acid sequence starting from these Met-Gly
residues is homologous not only to the N-terminal sequence
of the SRV-1 gag precursor protein (Fig. 4A) but also to
those of IAP-H18 (25) and MMTV (10) (data not shown).
Therefore, it was concluded that these Met-Gly residues are
the N terminus of the HERV-K1O(+) gag precursor protein.
The deduced amino acid sequence of ORF2 is homologous to
the C-terminal half of the SRV-1 gag precursor protein (Fig.
4A), and consequently, it was concluded that ORF1 and
ORF2 form the HERV-K1O(+) gag gene. The reading frame
shift found in the HERV-K1O(+) gag region differs so much

J. VIROL.
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FIG. 3. Two-dimensional homology matrix comparisons of the nucleotide sequences of HERV-K1O(+) and IAP-H18 (A) and HERV-
K10(+) and SRV-1 (B). The nucleotide sequences of IAP-H18 and SRV-1 were taken from Ono et al. (25) and Power et al. (26), respectively.
Each short line represents a region where there is at least 70%o homology in 25 contiguous nucleotides between the two genes. The locations
of the corresponding genes are indicated in the margins. Regions corresponding to the protease (prt) gene and the RT and EN subregions of
the HERV-K10(+) genome are indicated in the matrices.
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FIG. 4. Homology matrix comparisons of amino acid sequences. A computer program (40) was used to generate diagonal lines indicating
segments of 20 residues with an average score of at least 65. (A) HERV-K1O(+) and SRV-1 gag gene products; (B) HERV-K10(+) and SRV-1
prt gene products; (C) HERV-K10(+) and MMTV env gene products. The amino acid sequences of the gene products of SRV-1 and MMTV
were deduced from the nucleotide sequences described by Power et al. (26) and Redmond and Dickson (27), respectively. The positions of
each gene in the original nucleotide sequences are as follows: HERV-K10(+) gag, 1112 to 3108; HERV-K10(+) prt, 2913 to 3914;
HERV-K1O(+) env, 6691 to 8544; SRV-1 gag, 503 to 2476; SRV-1 prt, 2296 to 3237; MMTV env, 752 to 2815.
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FIG.- 5. Alignment of amino acid sequences of protease (prt), pol, and env gene products. (A) Alignment of prt gene products; (B)
alignment of RT subregions of pol genes; (C) alignment of EN subregions of pci genes; (D) alignment of env gene products. Amino acids are
represented by one-letter codes. Gaps (-) were inserted to make the similarity more evident. The aligned regions of the HERV-KlO(+) prt
and env, SRV-1 prt, and MMTV env gene products are indicated in the legend to Fig. 4. The aligned regions of IAP-H18 (25) correspond to
nucleotide positions 3383 to 4024 for RT and 5046 to 5582 for EN. The aligned region of MMTV (8) corresponds to nucleotide positions 82
to 723 for RT. Amino acid sequences corresponding to the RT or EN region or both of MMTV, Rous sarcoma virus (RSV), and squirrel
monkey retrovirus (SMRV) were obtained from Toh et al. (41). In panels A and D, the positions at which the aligned sequences have identical
or chemically similar amino acids are boxed, and asterisks indicate the positions at which the aligned sequences have identical amino acids.
Chemically similar amino acids are defined as pairs of residues belonging to the same group (33). The groups are as follows: A, 5, T, P, and
G; N, D, E, and Q; H, R, and K; M, L, I, and V; F, Y, and W. In panels B and C, asterisks and plusses indicate positions where aligned
sequences, except that of Rous sarcoma virus, have identical or chemically similar amino acids, respectively. In panel A, the sequence
homologous to the C-terminal portion of cellular acid proteases (41) is indicated by double underlines. In panel D, three hydrophobic amino
acid clusters are underlined, and potential glycosylation sites (0 and 0) and cysteine residues (A and A) are indicated; the closed symbols
indicate the positions at which aligned asparagine o'r cysteine residues are identical.

from the reported retrovirus gag genes that it must have
arisen either in the process of reverse transcription or as a
result of postintegration mutation.
The mutually homologous region shown in Fig. 3A, made

up of ca. 350 amino acid residues located in the C-terminal

region, corresponds to the region encoding the major core

shell structural protein and nucleic acid-binding protein.
Starting at positions 2746 and 2854, two sequences of Cys-
X2-Cys-X4-His-X4-Cys commonly observed in the nucleic
acid-binding protein region (6, 7) are present at a distance of
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22 amino acid residues from each other. This is about twice
the usual separation distance (7). The gag precursor protein
of HERV-K1O(+) was estimated to have 666 amino acid
residues, which is almost the same number as that in the
closely related SRV-1 protein (663 residues).
HERV-K1O(+) prt gene. In addition to the gag, pol, and

env genes, the retrovirus genome contains the gene encoding
a protease (prt) which has a significant role in the processing
of the polyprotein precursor into the mature form. ORF3 of
HERV-K1O(+), capable of encoding 334 amino acid resi-
dues, appears to be the prt gene because both its location
and size are essentially the same as those of the SRV-1 prt
gene, encoding 315 residues. The nucleotide sequence of the
putative prt gene in HERV-K1O(+) is homologous to those
of SRV-1 and IAP-H18 (Fig. 3A and B), indicating that the
putative prt gene products also resemble each other (Fig. 4B
and SA). At positions 3507 and 3551 of HERV-K10(+) (Fig.
1, 2, and 5A), spot homologies were observed for sequences
in the C-terminal portions of several cellular acid proteases
(41); therefore, ORF3 in HERV-K1O(+) may reasonably be
considered to be the prt gene. The size of the HERV-K1O(+)
prt gene, as well as that of the SRV-1 and IAP-H18 genes,
was ca. twice the size noted in other retrovirus genomes
(26).
HERV-K1O(+) pol gene. The nucleotide sequence of

ORF4, capable of encoding 937 amino acid residues, is
highly homologous to both the IAP-H18 and SRV-1 pol
genes (Fig. 3A and B); therefore, it was concluded that
ORF4 in HERV-K1O(+) is the pol gene. A comparison of the
deduced amino acid sequences of the retrovirus pol gene
products indicated two mutually conserved subregions (40,
41). One subregion (RT in Fig. 1, 2, and 3) with ca. 210
residues is located close to the N-terminal region and corre-
sponds to the region bearing reverse transcriptase and
RNase H activity in the multifunctional pol protein. The
other subregion (EN), made up of ca. 180 amino acids, is
positioned close to the C-terminal region and corresponds to
the domain having endonuclease activity apparently in-
volved in the integration of circular intermediate DNA into
chromosomal DNA.
The deduced amino acid sequences corresponding to the

RT and EN subregions of the pol gene products, which
appear to be evolutionarily related (5, 25, 30, 37, 38, 41), are
aligned in Fig. SB and C, respectively. Based on these
alignments, the sequence homology in each combination was
calculated (Tables 1 and 2), and phylogenetic trees were
constructed (Fig. 6A and B). In the EN subregion, HERV-
K10(+) was significantly more homologous to MMTV (type
B retrovirus) than to SRV-1 (type D retrovirus), squirrel

TABLE 1. Amino acid sequence homology and divergence of RT
subregion of pol gene product

Homology or divergence ofP:
Virus SRV-1 MMTV HERV- IAP-H18 RSVC

(D)b (B) K10( +) (A) (avian C)

SRV-1 0.439 0.587 0.562 0.751
MMTV 0.645 0.612 0.665 0.741
HERV-K1O(+) 0.556 0.542 0.621 0.665
IAP-H18 0.570 0.514 0.537 0.647
RSV 0.472 0.477 0.514 0.523

a Based on the aligned amino acid sequences shown in Fig. 5B, homology
and divergence were calculated (41) and are shown in the lower left and upper
right halves of the table, respectively.

b The letters in parentheses specify retrovirus types.
c RSV, Rous sarcoma virus.

TABLE 2. Amino acid sequence homology and divergence of EN
subregion of pol gene product

Homology or divergence ofa:

Virus SRV-1 SMRV MMTV HERV- IAP-H18 RSV
(D)b (D) (B) K10( +) (A) (avian C)

SRV-1 0.480 0.573 0.618 0.704 0.988
SMRV 0.619 0.650 0.699 0.762 0.973
MMTV 0.564 0.522 0.535 0.774 0.959
HERV-K1O( +) 0.539 0.497 0.586 0.716 0.889
IAP-H18 0.494 0.467 0.461 0.489 1.082
RSV 0.372 0.378 0.383 0.411 0.339

a Based on the aligned amino acid sequences shown in Fig. 5C, homology
and divergence were calculated (41) and are shown in the lower left and upper
right halves of the table, respectively. SMRV, Squirrel monkey retrovirus;
RSV, Rous sarcoma virus.

b The letters in parentheses specify retrovirus types.

monkey retrovirus (type D retrovirus), and IAP-H18 (type A
retrovirus), whereas in the RT subregion, HERV-K1O(+)
was related to essentially the same extent to A-, B-, and
D-type retroviruses.
HERV-K1O(+) env gene. The 290-bp fragment from posi-

tions 6501 to 6790 in HERV-K1O(+) (Fig. 1) is not present in
the HERV-K10 and HERV-K18 clones but is present in the
HERV-K8 and HERV-K22 clones. The putative env region
of HERV-K1O(+), including the 290-bp fragment, has two
open reading frames, ORF5 and ORF6. Since the nucleotide
sequences corresponding to the termination codon found
between ORF5 and ORF6 are CAA (Gln) in HERV-K8,
HERV-K18, and HERV-K22, the TAA codon must have
been generated by a C to T substitution in HERV-K10.
Thus, ORF5 and ORF6 found separated in HERV-K10 are
probably continuous in the prototype of the HERV-K fam-
ily. Comparison of the amino acid sequences encoded by
ORF5 and ORF6 with that encoded by the MMTV env gene
(17, 27) (Fig. 4C) led to the conclusion that ORF5 and ORF6
are the HERV-K1O(+) env gene. The deduced amino acid
sequences of the HERV-K1O(+) and MMTV env gene
products are not homologous to that of the SRV-1 env gene
product (data not shown), whereas the deduced amino acid

A. B. 1.0

0.6

02

0

FIG. 6. Evolutionary trees of closely related oncovirus genomes.
The evolutionary tree was constructed from corrected divergences
(Tables 1 and 2) by the unweighted pair-group clustering method.
(A) RT subregion in the pol gene (Fig. SB); (B) EN subregion in the
pol gene (Fig. SC). The ordinate represents the average values of
sequence divergences between the sequence pairs connected at each
nodal point (36). The letters in parentheses at the bottom of the
figure specify the following retrovirus types: A, type A; B, type B;
A-C, avian type C; D, type D. These evolutionary trees agree well
with others reported recently (5, 25, 30, 38, 41). RSV, Rous sarcoma
virus; SMRV, squirrel monkey retrovirus.
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FIG. 7. Structural features of env gene products of HERV-K10(+) and MMTV. Hydropathy profiles of HERV-K1O(+) (positions 6691 to
8544) (A) and MMTV (positions 752 to 2815 [26]) (D) env gene products. The profiles were drawn by the method of Kyte and Doolittle (13)
with a cell length of nine amino acid residues. The positions of hydrophobic amino acid clusters (boxes), potential glycosylation sites ( and
0), and cysteine residues (A and A) in the HERV-K1O(+) (B) and MMTV (C) env gene products are shown. The closed symbols indicate the
positions at which aligned potential glycosylation sites or cysteine residues are identical, as shown in Fig. 5D.

sequence of the transmembrane protein region of the SRV-1
env gene product is significantly homologous to the corre-
sponding sequence of the Moloney murine leukemia virus, a
typical mammalian type C oncovirus (35) (our unpublished
observation).
During biosynthesis of the env protein, proteolytic cleav-

ages split the newly synthesized env precursor protein into a
signal peptide (SP), an outer membrane protein (OM), and a
transmembrane protein (TM). The homologous regions
shown in Fig. 4C were located in the region of ca. 110 amino
acid residues close to the N-terminal region and in the TM
region consisting of ca. 230 residues of the HERV-K1O(+)
env gene product (Fig. SD). Based on the aligned amino acid
sequences of the MMTV and HERV-K1O(+) env gene
products (Fig. 5D), the proteolytic cleavage sites of the
HERV-K1O(+) env precursor protein were surmised. The
estimated OM and TM encoded by the HERV-K1O(+) env
gene are 370 and 234 residues long, respectively, essentially
the same lengths as the OM (358 residues) and TM (232
residues) encoded by the MMTV env gene (17, 27). Since the

14 amino acid residues starting with Met and located up-
stream from the putative OM encoded by the HERV-K1O(+)
env gene are rich in hydrophobic amino acids and are
homologous to the sequence of the SP region encoded by the
MMTV env gene, this region is assumed to be the SP
encoded by the HERV-K1O(+) env gene. The sequence
comprising 34 amino acid residues starting from the N-
terminal Met of the putative SP is not present in the
HERV-K1O and HERV-K18 clones but is homologous to the
sequence surrounding the SP-OM junction of the MMTV env
gene product (Fig. 5D) (17, 27). Therefore, it was concluded
that the HERV-K proviruses such as HERV-K8 and HERV-
K22, each containing the additional 290-bp sequence, are
prototypes of the HERV-K family.
The hydropathy profiles and positions of potential

glycosylation sites and cysteine residues in the HERV-
K10(+) and MMTV env gene products are shown in Fig. 7.
Three markedly hydrophobic amino acid clusters were
found, one in the env SP region and the other two in the env
TM region of both HERV-K1O(+) and MMTV. Seven N-
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asparagine-type potential glycosylation sites are present in
the env OM region of HERV-K1O(+), and four are present in
the TM region. For the HERV-K1O(+) and MMTV env gene
products, not only the locations of hydrophobic amino acid
clusters, but also the positions of potential glycosylation
sites and cysteine residues, necessary for cross-linking be-
tween OM and TM, are very much as expected (Fig. 7).

DISCUSSION

A group of human endogenous retrovirus genomes, tenta-
tively designated HERV-K, were previously isolated from a
human fetal liver gene library as sequences possessing
homology to the Syrian hamster IAP pol gene (24). In the
present research, determination of the nucleotide sequence
of HERV-K10(+) indicated a close evolutionary relation-
ship with types A, B, and D oncoviruses. This provirus was
found to be most closely related to MMTV, known as a
typical type B oncovirus.

Recently, human DNA sequences related to the MMTV
genome have been isolated (3, 8, 42), and the local nucleo-
tide sequences of some have been reported (2, 8). The
nucleotide sequence of a clone (HLM-2) reported by Cal-
lahan et al. (2) is 525 bp long and corresponds to positions
5630 to 6151 (522 bp) of HERV-K10(+), which corresponds
to the EN subregion of the pol gene (Fig. 1 and 2). With the
HERV-K10(+) sequences as a standard, the 525-bp se-
quence has single-base insertions at five positions and two
single-base deletions. The nucleotide sequence homology
between HERV-K10(+) and HLM-2 in this region was
calculated as 88%; consequently, it was concluded that
HLM-2 is a member of the HERV-K family. Deen and Sweet
determined the nucleotide sequence of the pol region of the
MMTV-related human endogenous retrovirus genome
HM16 (8). This sequence of 2,134 bp corresponds to posi-
tions 4084 to 6261 (2,178 bp) of HERV-K10(+) (Fig. 1 and 2).
It is 44 bp shorter than the corresponding region of the
HERV-K10(+) gene and has 23, 42, and 47 termination
codons in the three reading frames, respectively. The nucle-
otide sequence of the HM16pol region is 89% homologous to
that of the HERV-K10(+) pol gene; this supports the possi-
bility that HM16 is a member of the HERV-K family.
Even though the genes cloned from an identical gene

library (14) are mutually homologous, the intactness of
HERV-K1O seems to warrant attention in view of the
extensive disruptions in HM16 caused by mutations. As in
the case of HERV-K proviruses, multicopied endogenous
retrovirus genomes appear to undergo a variety of mutations
after integration into chromosomal DNA. For clarification of
the organization of an endogenous retrovirus family, a
presumably less mutated genome should be selected and
studied. To determine the complete nucleotide sequence of a
HERV-K genome, four clones with a greater number of
common restriction fragments and standard size were first
selected from among 26 clones. Finally, HERV-K10, ap-
pearing to have the fewest mutations introduced after inte-
gration, was selected, since the HERV-K1O LTRs (968 bp)
differ by only two bases. As mentioned above, elucidation
should be made of the organization of genes such as HERV-
K.
During the maturation process of env protein, glycosyla-

tion converts OM, the MMTV env gene product comprising
358 amino acid residues (17, 27), into a glycoprotein, gp52,
with an apparent molecular weight of 52,000. Antigens
cross-reactive with polyclonal antibody raised against gp52
have been detected in human breast carcinoma tissue (23)

and in the particulate fraction of human milk (9). Further-
more, it has been reported that a cell line (T47D) established
from a human breast cancer produces retroviruslike particles
and releases soluble glycoproteins, both with antigenicity
toward the anti-gp52 antibody (11, 34). In this study, the env
gene product of HERV-K1O(+) was elucidated and found to
be significantly related to the MMTV env gene product, not
only with respect to the deduced amino acid sequence, but
also in structural features. This indicates the possibility that
the gp52-related antigen expressed in human breast cancer
tissue and T47D cells is the env gene product of a potentially
active HERV-K provirus.
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